Burns & Trauma, 2026, 14, tkag013
https://doi.org/10.1093/burnst/tkag013
Published: 10 February 2026 O X F O R D

Research Article

Breaking the vicious cycle of impaired angiogenesis and
chronic inflammation in diabetic wounds: a
bioengineered microneedle system delivering

RGD-modified M2 exosomes
HongYu Wang @12, BaoHua Weil, BaiShi Wang?, Mi Chai?, Jing Ren?, Yan Han3, LingLi Guo®’"

1Department of Plastic and Reconstructive Surgery, First Medical Center of Chinese People’s Liberation Army General Hospital, Fuxing Road, Haidian District,
Beijing 100853, China

2Department of Burn and Plastic Surgery, People’s Liberation Army No. 983 Hospital, Huangwei Road, Hebei District, Tianjin 300000, China

3Plastic Surgery Department, Peking University International Hospital, District Life Science Park Road, Changping District, Beijing 100853, China

*Corresponding author. E-mail: guo_linglidoctor@163.com

Abstract

Background: Persistent local tissue hypoperfusion and chronic inflammation are central challenges in diabetic wound
management. The development of effective therapeutic strategies to mitigate prolonged inflammation and enhance tissue
vascularization is crucial for accelerating diabetic wound healing. This study aimed to develop soluble microneedle materials
that simultaneously target both aspects to improve the clinical prognosis of diabetic wounds.

Methods: A stable macrophage cell line overexpressing basic fibroblast growth factor (bFGF) was established using lentiviral
transfection. After M2 polarization was induced with interleukin-4 (IL-4) and IL-10, exosomes were isolated via ultracentrifuga-
tion and surface-functionalized with arginine-glycine-aspartic acid (RGD)-targeting peptides. The reparative effects of these
exosomes on human umbilical vein endothelial cells (HUVECs) with high glucose-induced injury were evaluated using scratch
test, 5-ethynyl-2’-deoxyuridine (EdU) staining, and cell counting kit-8 assays. A delivery system based on soluble hyaluronic
acid microneedles (MNs) loaded with engineered exosomes was then developed. Its therapeutic efficacy was evaluated in a
diabetic wound mouse model, and the underlying mechanisms were explored via ribonucleic acid (RNA) sequencing.

Results: Targeted engineered exosomes (TE-Exos) derived from bFGF-overexpressing M2 macrophages with surface RGD
modification were successfully prepared. Assays revealed that TE-Exos exhibited specific targeting to HUVECs with high
glucose-induced injury and significantly enhanced cellular proliferation, migration, and tube formation. Furthermore, the
polarization ratio of macrophages improved after TE-Exos treatment. In vivo, the MN-mediated delivery of TE-Exos markedly
accelerated diabetic wound healing by enhancing re-epithelialization, collagen deposition, and angiogenesis. Furthermore,
the treatment modulated the wound microenvironment by reducing the infiltration of proinflammatory M1 macrophages
while increasing the proportion of reparative M2 macrophages. RNA sequencing analysis indicated that the therapeutic effects
were mediated primarily through the inhibition of excessive inflammation and the activation of angiogenesis-related signaling
pathways.

Conclusions: This innovative strategy breaks the vicious cycle of impaired angiogenesis and chronic inflammation in diabetic
wounds through a synergistic mechanism involving ‘angiogenesis, inflammation regulation, and precise delivery’. The com-
bination of targeted exosome engineering with an MN delivery system not only overcomes the limitations of conventional
growth factor therapies but also enables intelligent modulation of the wound microenvironment, offering novel theoretical
insights and practical approaches for clinical translation.
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Highlights

« The findings of this study indicate that macrophage-derived exosomes engineered through targeted modification exhibit
substantial therapeutic potential in the treatment of diabetic wounds.

+ MNs loaded with targeted engineered exosomes (TE-Exos) effectively promote epithelial tissue proliferation, stimulate
collagen synthesis, enhance local angiogenesis, regulate the M1/M2 macrophage balance, and significantly accelerate
wound healing in diabetic mice. This innovative strategy breaks the vicious cycle of impaired angiogenesis and chronic
inflammation in diabetic wounds through a synergistic mechanism involving ‘angiogenesis, inflammation regulation, and

precise delivery’.

« The integration of targeted exosome engineering with an MN delivery system not only overcomes the limitations of
conventional growth factor therapy but also enables intelligent modulation of the wound microenvironment, offering
novel theoretical insights and practical approaches for clinical applications.

Background

Diabetic wounds are among the most common and challenging
complications in tissue repair and regeneration [1]. According
to the International Diabetes Federation, the global population
affected by diabetes is projected to reach 643 million (11.3%) by
2030 and 783 million (12.2%) by 2045. Among these individuals,
at least 5%-10% will experience diabetic wound complications
[2]. Current clinical treatments remain unsatisfactory, placing a
substantial economic burden on both patients and health care
systems [3, 4]. The prominent characteristics of diabetic wounds
are persistent inflammatory responses and insufficient tissue

perfusion, which lead to local skin defects and prolonged healing
time [5]. Apart from blood sugar control, perfusion improvement,
lifestyle alterations, and other symptomatic treatments, local
management plays a pivotal role in the seamless healing of
diabetic wounds.

A major limitation of existing therapies is their inability to
simultaneously address the two core pathological features of
diabetic wounds: a dysregulated inflammatory microenvironment
and compromised angiogenesis. To overcome this dual challenge,
a multitarget synergistic therapeutic strategy is imperative.
A promising candidate for promoting angiogenesis is basic
fibroblast growth factor (bFGF); however, its clinical application
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is severely hampered by its intrinsic instability, short half-
life, and rapid degradation in the wound environment, often
resulting in subtherapeutic concentrations at the target site [6-
12]. These limitations underscore the critical need for a stable and
efficient delivery system. Exosomes have emerged as ideal next-
generation nanocarriers because of their high biocompatibility,
low immunogenicity, and enhanced tissue permeability [13-20].
Specifically, exosomes derived from M2-polarized macrophages
(M2-Exos) are advantageous because they serve dual functions:
as delivery vehicles and as inherent therapeutic agents. M2-
Exo, cargo can reprogram the prevalent proinflammatory M1
macrophages toward the healing M2 phenotype, thereby directly
mitigating chronic inflammation-a key pathological feature of
diabetic wounds [14, 21-26].

Despite this potential, the therapeutic efficacy of native
exosomes is limited by limited targeting specificity and rapid
systemic clearance. To address this limitation, we engineered the
exosome surface with the arginine-glycine-aspartic acid (RGD)
peptide, which specifically binds to integrin avB3-a receptor
highly expressed on activated endothelial cells during wound
repair and angiogenesis [27-32]. Studies such as those by Liu
et al. and Gao et al. have demonstrated that RGD modification
significantly enhances the targeting and therapeutic efficacy of
exosomesin promoting vascularization and treating inflammatory
conditions [33, 34].

1,2-Distearoyl-SN-propyl-3-phosphatidylethanolamine (DSPE),
an amphiphilic phospholipid, is frequently conjugated with
polyethylene glycol (PEG) to form DSPE-PEG. This compound is
used to improve the stability and targeting ability of exosomes
[35]. In this study, DSPE-PEG-cRDGfk-FITC was used as a modified
peptide, with the DSPE end binding to the lipid bilayer membrane
of engineered exosomes and the RGD sequence at the other
end enhancing the targeting of engineered exosomes to blood
vessels. Without destroying the structural integrity and biological
properties of exosomes, targeted engineered exosomes can be
constructed.

Finally, to ensure efficient local delivery, we integrated the tar-
geted exosomes into a soluble hyaluronic acid (HA) microneedle
(MN) patch. This platform combines the excellent biocompatibility
and drug-carrying capacity of HA with the minimal invasiveness,
high delivery efficiency, and strong adhesion of MNs, thereby
maximizing local drug enrichment and patient compliance
[36-39]. Conventional topical formulations, such as hydrogels and
ointments, are largely confined to the wound surface, resulting in
low bioavailability at the deeper dermal layers where regener-
ation and immune regulation primarily occur. This limitation is
particularly detrimental for sophisticated therapeutics such as
exosomes and growth factors, which require direct access to their
cellular targets to exert their full pro-healing effects. Furthermore,
the use of a biopolymer such as HA as the MN matrix combines
this superior delivery capability with the inherent moist wound-
healing benefits of a hydrogel. Upon dissolution, the HA matrix
contributes to a favorable wound microenvironment, promoting
hydration and cell migration.

We therefore propose an innovative strategy that breaks the
vicious cycle of impaired angiogenesis and chronic inflammation
through synergistic ‘angiogenesis-inflammation modulation-
precisely delivery’. The aim of this study was to develop a targeted
exosome-MN system and validate its potential to intelligently
modulate the wound microenvironment, thereby offering novel

Table 1 Primers used for gPCR

Primer Sequence (5’ to 3')

Forward:AGGTCGGTGTGAACGGATTTG
Reverse:TGTAGACCATGTAGTTGAGGTCA
Forward:AGCCTTTTATGTAATAGTAAG (endogenous)
Forward:GACGATGACAAGTGAGCGAT (exogenous)
Reverse:GAACTGGGCAGTATAAAC

Mouse-GAPDH

Mouse-bFGF

bFGF basic fibroblast growth factor

insights and a transformative therapeutic platform for diabetic
wound care.

Methods
Culture and transfection of RAW264.7 cells

RAW264.7 cells were maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10% fetal bovine serum and
1% penicillin/streptomycin at 37.5°C under 5% CO,. A lentiviral
plasmid carrying the bFGF gene was packaged, and the viral super-
natant was harvested to infect RAW264.7 cells. Transfected cells
were selected using puromycin.

Immunofluorescence staining

Cells were fixed, permeabilized, and blocked. The cells were sub-
sequently incubated with a diluted primary antibody, followed by
treatment with the corresponding secondary antibody, and incu-
bated for 1 h at room temperature in the dark. Nuclei were coun-
terstained with 4’,6-diamidino-2-phenylindole (DAPI) for 10 min.

Western blot

Total protein was extracted from lysed cells or tissues and quan-
tified using a bicinchoninic acid assay. Proteins were separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(100 V) and transferred to PVDF membranes. After blocking,
the membranes were incubated with primary and secondary
antibodies. Protein bands were visualized using Super ECL Plus
chemiluminescent substrate and imaged with an automated
detection system.

Real-time fluorescence quantitative
polymerase chain reaction

Gene-specific primers (Table 1) were synthesized by Service
Biotechnology. Ribonucleic acid (RNA) was reverse transcribed,
and amplification was performed using the QuantStudio™ 3 Real-
Time polymerase chain reaction (PCR) System under the following
conditions: 94°C for 30 s, followed by 45 cycles of 94°C for 5 s and
60°C for 30 s.

Enzyme-linked immunosorbent assay

Cell culture supernatant and lysates were collected. Cells were
washed, resuspended in phosphate-buffered saline (PBS), and
sonicated on ice. The samples were subsequently centrifuged at
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12000 rpm for 15 min, after which the supernatant was analysed
using a commercial enzyme-linked immunosorbent assay (ELISA)
kit. The absorbance was measured at 450 nm.

Flow cytometry

Cells were washed twice with cold PBS and resuspended at 1 x 10°
cells/ml. The cells were stained with fluorophore-conjugated anti-
bodies for 30 min at room temperature, washed, and resuspended
in 500 ul of PBS for analysis.

M2 polarization of macrophages

RAW264.7 cells were seeded in 6-well plates. After 24 h, the
medium was replaced with fresh DMEM containing 20 ng/ml
interleukin (IL)-4 and 20 ng/ml IL-10. The cells were incubated
for 36 h to induce M2 polarization.

Exosome isolation by ultracentrifugation

Cell culture medium was sequentially centrifuged at 500 x g for
10 min and 10000 x g for 30 min to remove debris. The super-
natant was ultracentrifuged at 100 000 x g for 70 min. The pellet
was resuspended in Dulbecco’s PBS (DPBS) and ultracentrifuged
again at 100000 x g for 120 min. Purified exosomes were resus-
pended in 200 ul of sterile DPBS.

Transmission electron microscopy

Exosomes were fixed in 2.5% glutaraldehyde for 2 h, adsorbed
onto copper grids, and negatively stained with 1.5% uranyl
acetate. The grids were air-dried and imaged under transmission
electron microscopy (TEM).

Nanoparticle tracking analysis

Samples were diluted in PBS to the appropriate concentrations
and injected into the NanoSight chamber. After calibration with
polystyrene standards, particle size and concentration were anal-
ysed using Nanoparticle tracking analysis (NTA) software.

Establishment of human umbilical vein
endothelial cells with high
glucose-induced injury

HUVECs were treated with 20 mM glucose and 100 ug/ml
advanced glycation end products (AGEs) for 48 h to simulate a
diabetic vascular endothelial cell pathology model.

Transwell assay

Matrigel was diluted 1:3 in serum-free medium, and 50 ul was
added to the Transwell inserts. The lower chamber contained
600 !l of medium supplemented with 20% fetal bovine serum
(FBS). HUVECs (5 x 10° cells/ml) were seeded in the upper cham-
ber and incubated for 24 h. Cells were fixed with 4% platelet
function assay and stained with 1% crystal violet.

Synthesis and identification of the
arginine-glycine-aspartic acid cyclic
peptide

DSPE-PEG2K-NHS (10 mg) was dissolved in 1 ml of dimethylfor-
mamide and mixed with cRGDfk-FITC peptide (1.1 equiv) and tri-
ethylamine (3.0 equiv). The reaction was carried out at room tem-
perature for 18 h. The product was dialyzed (molecular weight cut-
off 2000 Da) and lyophilized. The RGD cyclic peptide was dissolved
in dimethyl sulfoxide-dg (DMSO-dg), and a high-resolution 'H-NMR
spectrometer was used to perform 50 scans at 25°C.

Synthesis of targeted engineered
exosomes

DSPE-PEG-cRGDfk-FITC was dissolved in DMSO and mixed with
exosomes (50 ul per 100 ug of exosomes) for 3 h at room temper-
ature. Targeted engineered exosomes (TE-Exos) were purified by
ultrafast centrifugation and resuspended in PBS.

Internalization of targeted engineered
exosomes by human umbilical vein
endothelial cells with high
glucose-induced injury

When HUVECs confluence reached 30% and 70% confluence, TE-
Exos were added, followed by incubation at room temperature for
3 h. Tubulin staining and DAPI re-staining were performed. FITC
fluorescence was observed under a fluorescence microscope to
confirm whether the targeted engineered exosomes had success-
fully entered the HUVECs.

HUVECs with high glucose-induced injury were incubated with
PKH26-labeled TE-Exos for 3 h. Cell nuclei were counterstained
with DAPI. Following sealing, exosome endocytosis was observed
under a fluorescence microscope.

Effects of targeted engineered exosomes
on human umbilical vein endothelial cells
with high glucose-induced injury

Matrigel (50 ul) was dispensed into 96-well plates and polymerized
at 37°C for 30 min. HUVECs and exosomes were resuspended and
adjusted to a concentration of 3-5 x 10 cells/ml. Subsequently,
100 pl of the cell suspension was seeded onto the Matrigel sur-
face and incubated for 4 h. Tubular structures were imaged and
analysed.

Atotal of 0.5-1 x 10° HUVECs with high glucose-induced injury
were seeded into 6-well plates. The 5-ethynyl-2’-deoxyuridine
(EdU) assay was performed using an EdU detection kit in
accordance with the manufacturer’s instructions.

HUVECs with high glucose-induced injury were seeded into 96-
well plates. After 24, 48, and 72 h of incubation, 10 ul of cell
counting kit-8 (CCK-8) solution was added to each well, followed
by incubation at37°Cfor2 hin the dark. The absorbance at 450 nm
was measured using a microplate reader.

HUVECs with high glucose-induced injury were seeded into 6-
well plates at a density of 5 x 10° cells per well and cultured until
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~90% confluence. A straight scratch was created in the monolayer
using a sterile 100 ul pipette tip. Subsequently, 100 ul of exosomes
was added, and the culture was continued. The control group
received an equal volume of PBS solution. Cell migration was
observed under a microscope at 24 h and 48 h post-scratch. The
cell-free gap area was quantified using ImageJ software, and the
relative area of scratch closure was calculated as follows: relative
area of scratch closure (%) = [(initial wound area - wound area at
the time of observation)/initial wound area] x 100%.

Isolation of mouse peritoneal
macrophages

BALB/c mice (6 weeks old) were used in the experiments. Peri-
toneal inflammation was induced by the intraperitoneal injection
of 0.5 ml of 3% thioglycolate broth, followed by aspiration
of the peritoneal fluid. In the intervention group, 200 ul of
corresponding exosomes (E-Exos or TE-Exos) was administered
via intraperitoneal injection. Three days post-treatment, the mice
were euthanized by cervical dislocation. Subsequently, 2 ml
of precooled RPMI-1640 culture medium was injected into the
peritoneal cavity for lavage, and the resulting peritoneal lavage
fluid was collected. The fluid was centrifuged, and the cell pellet
was resuspended and washed with RPMI-1640 medium. Finally,
the polarization status of peritoneal-derived macrophages was
assessed using flow cytometry.

Isolation of bone marrow-derived
macrophages

Bone marrow was flushed from the femurs and tibias of BALB/c
mice. Erythrocytes were lysed, and the cells were cultured for
7 days in M-CSF (20 ng/ml) to differentiate into bone marrow-
derived macrophages (BMDMs).

M1 polarization of bone marrow-derived
macrophage cells

Macrophage colony-stimulating factor (M-CSF; final concentra-
tion, 20 ng/ml) was added to BMDMs cell culture medium for
continuous induction over 7 days to induce MO macrophages.
In the control group, no intervention was applied. In the M1
group, the medium was changed to MDM complete medium
containing LPS (final concentration of 100 ng/ml) and IFN-y
(final concentration of 50 ng/ml) supplemented with 10% FBS
and 1% P/S antibiotics. In the M1/E-Exos group, E-Exos were
added in addition to the treatment received by the M1 group
intervention. Similarly, in the M1/TE-Exos group, TE-Exos were
added in addition to the treatment received by the M1 group. After
48 h of induction culture, the M1 markers CD80 and CD86 and the
M2 markers CD206 and CD163 were analysed by flow cytometry.

Preparation and characterization of
hyaluronic acid microneedles

Sodium hyaluronate powder was dissolved in purified water or
exosome solution. The solution was injected into a
polydimethylsiloxane (PDMS) MN mold and spread evenly by
moving the mold back and forth. The sodium hyaluronate solution
was subsequently introduced into the needle cavities of the PDMS

mold using a vacuum negative pressure deaeration technique.
The mold was then dried in an oven for 6 h until the MNs could be
easily released, yielding HA MNs. The morphology of the MNs was
characterized using a scanning electron microscope.

The back skin of BALB/c mice (8 weeks old) was depilated.
MNs were then inserted into the skin tissue on the backs of the
mice and left in place for 5 min before removal. The skin tissue
indented by the MNs was subsequently excised, processed for
paraffin embedding, stained with hematoxylin and eosin (HE), and
examined under a microscope.

The mechanical strength of the prepared MNs was evaluated
using a texture analyser. The MN patch was placed horizontally
on the platform with the tips facing upwards. The probe com-
pressed the MN patch vertically at a speed of 0.1 mm/s, and the
corresponding compression force was recorded. A standard curve
representing the relationship between pressure and displacement
was subsequently plotted.

The in vitro drug release profile was simulated using bFGF. A
solution containing 50 ng/ml bFGF and 50 mg/ml low molecular
weight HA was prepared. This solution was subsequently used
to fabricate MNs with physically embedded bFGF. The MNs were
immersed in 30 ml of sterile deionized water and incubated in a
thermostatic shaker (150 rpm, 37°C) to facilitate dissolution. At
predetermined time intervals (1, 5, 15, 30, 60, 100, 120, 150, 180,
and 200 min), aliquots were collected during the release process.
The concentration of released bFGF was quantified using an ELISA
kit, and the results were calculated on the basis of both a standard
curve and the measured absorbance values.

HUVECs were seeded into a 96-well plate and allowed to attach.
The medium was then replaced with bFGF solution, blank MN
soaking solution, MN soaking solution loaded with E-Exos, or MN
soaking solution loaded with TE-Exos. After incubation for 24 h,
cell viability was assessed using CCK-8 assays to evaluate in vitro
cytotoxicity.

In vivo wound healing in diabetic mice

Diabetic mice (BALB/c) were generated by high-fat diet feeding
and STZ injection. A full-thickness circular wound with a diameter
of 1.0 cm was created on the dorsal skin of each mouse. The dia-
betic mice were randomly assigned to four experimental groups
(n=6 per group): the control group, the blank MN group (HA-
MN), the E-Exos loaded MN group (E-Exos@HA-MN), and the TE-
Exos loaded MN group (TE-Exos@HA-MN). After wound modeling,
the mice were subjected to the corresponding treatments. All
dressings were secured with 3 M tape. The dressing was changed
every other day for 12 days, and the wound healing process
was observed and recorded by a camera. The wound healing
rate was calculated using the following formula: relative wound
area=(wound area on Day 0—wound area on Day t)/wound
area on Day 0. The Animal Ethics Committee of the Institute of
Radiological Medicine, Chinese Academy of Medical Sciences,
approved all animal experiments, ensuring that they were
conducted in accordance with its guidelines (Approval number:
IRM/2-IACUC-2404-014).

Histological, immunohistochemical, and
immunofluorescence analyses

Wound tissues were harvested on Day 12, sectioned, and stained
with hematoxylin and eosin (H&E), Masson’s trichrome, and
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anti-CD31 antibodies. Immunofluorescence staining for iNOS and
CD206 was performed using tissue sections.

Ribonucleic acid sequencing

RNA sequencing was performed using mouse tissue samples
through a series of procedures, including RNA extraction, an
assessment of RNA sample quality, library construction, high-
throughput sequencing, and subsequent bioinformatics
analysis.

Statistical analysis

We used GraphPad Prism 10.0 for data analysis. To compare two
groups, we applied Student’s t test. When multiple groups were
compared, one-way analysis of variance was used. Post hoc pair-
wise comparisons were conducted using Tukey’s honestly signif-
icant difference test following a significant one-way analysis of
variance (ANOVA) result. If the data did not follow a normal dis-
tribution or had uneven variance, we used the Kruskal-Wallis H
test. For datainvolving both time and treatment factors, a two-way
ANOVA was employed to assess the main effects and interaction.
The data are shown as means + standard deviation (SD). We
considered results to be statistically significant if P < 0.05.

Results

M2 polarization of basic fibroblast growth
factor-overexpressing macrophages and
phenotypic characterization

RAW264.7 cells were successfully transfected with a lentivirus car-
rying the bFGF gene and a GFP tag. Fluorescence microscopy con-
firmed robust green fluorescence in the transfected cells, indicat-
ing high transfection efficiency (Figure 1a). Immunofluorescence
staining revealed intense orange-red signals for intracellular bFGF
in the transfected group, confirming successful overexpression at
the protein level (Figure 1b). ELISA results further demonstrated
that compared with those in the control and empty vector groups,
both the cellular and secreted bFGF levels were significantly ele-
vated in the transfected group (Figure 1c and d). Western blot
analysis consistently revealed markedly increased bFGF protein
expression in the overexpression group (Figure 1e and f). Addi-
tionally, qPCR confirmed that expression of the exogenous bFGF
mRNA transcript was significantly greater than that of the endoge-
nous gene (Figure 1g). Collectively, these results verify the suc-
cessful establishment of a stable macrophage line overexpressing
bFGF.

Macrophages were polarized to the M2 phenotype (Figure 1h-l).
Macrophages overexpressing bFGF exhibited typical morpholog-
ical changes following M2 polarization (Figure 1h). Western blot
analysis revealed a significant increase in the expression of the
M2 marker Arg-1 following the induction of polarization in both
untransfected and transfected macrophages (Figure liand ). Flow
cytometry confirmed the upregulation of the expression of the
M2 surface markers CD206 and CD163 (Figure 1j and k), indicating
successful M2 polarization. Importantly, ELISAs and gqPCR con-
firmed that M2 polarization did not reduce the high level of bFGF
expression (Figure 1m-o).

Preparation and characterization of
targeted engineered exosomes

TEM revealed that the E-Exos and TE-Exos were round or cup
shaped,with size ranging from 50 nm to 150 nm, which is con-
sistent with the typical characteristics of exosomes (Figure 2a).
According to the NTA assay results, the average particle size of
TE-Exos after RGD cyclic peptide modification was greater than
that of E-Exos (Figure 2b). Western blot analysis confirmed the
presence of exosomal marke rproteins (CD9 and CD81) and the
overexpression of bFGF in both exosome types (Figure 2c-e).

We demonstrated the synthesis and internalization of TE-Exos
(Figure 2f-j). Synthesized peptide products were analysed using
LH-NMR mass spectrometry (Figure 2f and h). The results revealed
the presence of characteristic signals at corresponding positions:
FITC (6.5-8.5 ppm), cRGDfk (4.0-4.8 ppm), PEG (3.6-3.8 ppm), and
the fatty acid chain of DSPE (1.3 ppm). These findings confirmed
the successful synthesis of the DSPE-PEG-cRGDfk-FITC peptide.
This peptide was subsequently conjugated to the surface of E-Exos
(from bFGF-overexpressing M2 macrophages) via the hydrophobic
DSPE moiety to construct TE-Exos (Figure 2f).

Fluorescence microscopy confirmed the efficient internaliza-
tion of FITC-labeled TE-Exos by HUVECs with high glucose-induced
injury at both 30% and 70% confluence (Figure 2g). A compara-
tive uptake assay using PKH26-labeled exosomes revealed that
both E-Exos and TE-Exos were internalized by HUVECs after 6 h
of coincubation. However, compared with the E-Exos group, the
TE-Exos group demonstrated significantly greater cellular uptake
efficiency (Figure 2i and j).

Influence of targeted engineered
exosomes on human umbilical vein
endothelial cells with high
glucose-induced injury

We established an in vitro model of high glucose-induced
endothelial injury using HUVECs (Figure Sla-g). Western blot
and gPCR analyses confirmed the successful establishment of
HUVECs with high glucose-induced injury, as evidenced by the
significantly upregulated expression of ICAM-1, NF-xB, and Bax
and downregulated expression of Bcl-2 (Figure S1a, b and d). Flow
cytometry with Annexin V/PI staining confirmed a significantly
higher apoptosis rate in HUVECs with high glucose-induced injury
than in control cells (Figure Sle and g). Furthermore, a transwell
assay demonstrated that HUVECs with high glucose-induced
injury had a severely impaired migratory capacity (Figure Slc
and f).

Targeted engineered exosomes significantly ameliorated high
glucose-induced dysfunction in HUVECs (Figure 3a-m). As shown
in Figure 3, both E-Exos and TE-Exos promoted the tube formation
of HUVECs with high glucose-induced injury (the numbers of
nodes, junctions, and meshes in both groups were greater than
those in the H-AGEs group (Figure 3a-d). At the same time,
the tube formation of vascular endothelial cells in TE-Exos
group was better than that in E-Exos group (the number of
nodes and junctions in the TE-Exos group was not significantly
different from that in the E-Exos group, but the number of
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after transfection (Sale bar: 100 um). (b) Immunofluorescence labeling of bFGF in RAW264.7 cells yielded orange-red fluorescence in the bFGF OE group.
() Intracellular bFGF expression in cell lysate was assessed by ELISAs. (d) The concentration of bFGF secreted in the culture medium was measured by
ELISAs. (e and f) Flag-bFGF expression was assessed by western blotting. (g) gPCR analysis was performed to determine the ratio of endogenous to
exogenous bFGF in bFGF-overexpressing cell lines. (h) Morphological changes in transfected RAW264.7 cells before and after M2 polarization (Sale bar:
100 um). (i) Arg-1 expression in polarized cells. (j and k) Flow cytometry results for the M2 macrophage markers CD206 (PE channel) and CD163 (APC
channel). (1) Statistical results of Arg-1 expression inpolarized cells. (m and n) ELISAs were used to quantify intracellular and extracellular bFGF levels
after M2 polarization. (o) gPCR analysis of endogenous and exogenous bFGF expression following M2 polarization. En-bFGF and ex-bFGF represent the
relative expression levels of endogenous bFGF and exogenous flag-bFGF, respectively. NC: no-load plasmid transfection group; bFGF OE: bFGF
overexpression group; NC + L4 + IL10: IL-4 and IL-10 were administered to NC group; bFGF OE + IL4 + IL10: IL-4 and IL-10 were administered to the bFGF
overexpression group. **P < 0.01, ***P < 0.001, and ****P < 0.0001; ns no statistically significant difference. ELISA enzyme-linked immunosorbent assay,

IL interleukin, bFGF basic fibroblast growth factor, NC negative control

meshes in the TE-Exos group was greater than that in the E-Exos
group).

The ability of exosomes to promote the proliferation of HUVECs
was examined by EdU assays. The results showed that both E-
Exos and TE-Exos promoted the proliferation of HUVECs with
high glucose-induced injury. Among them, TE-Exos has the most

obvious effect on promoting the proliferation of vascular endothe-
lial cells (Figure 3e and i).

According to the results of scratch test of HUVECs with high
glucose-induced injury, the effects of promoting cell migration in
the TE-Exos group and E-Exos group were better than those in the
control group at 24 and 48 h after scratch. Among these groups, the
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**P < 0.001 and ****P < 0.0001; ns no statistically significant difference. ELISA enzyme-linked immunosorbent assay, IL interleukin, bFGF basic

fibroblast growth factor

ability of TE-Exos to promote vascular endothelial cell migration
was stronger than that of E-Exos (Figure 3f-h).

CCK-8 assays revealed that the OD value of the ordinate was
positively correlated with the number of living cells. The results
in Figure 3j-m showed that both E-Exos and TE-Exos significantly

induced the proliferation of HUVECs with high glucose-induced
injury. At the 24-h node, the effect in the TE-Exos group was not
significantly different from that in the E-Exos group, but after 48
and 72 h, the effect in the TE-Exos group was significantly greater
than that in the E-Exos group.
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Figure 3 Effects of exosomes on HUVECs with high glucose-induced injury. (a-d) The ability of exosomes to promote HUVEC tube formation (Sale bar:

100 um). (e) EAU assay results for assessing the ability of exosomes to pro
(f-h) Scratch assay results for HUVECs. (i) The statistical results of the Edu
the proliferation of HUVECs. (k-m) Comparison of OD values at 24, 48, and
H-AGEs/E-Exos: HUVECs with high glucose-induced injury treated with E-E

mote HUVEC proliferation. The DAPI column shows nuclei (Sale bar: 100 um).
assay (Sale bar: 100 um). (j) CCK-8 assays assessing the effect of exosomes on
72 h. Control: HUVECs; H-AGEs: HUVECs with high glucose-induced injury;
xos; H-AGEs/TE-Exos: HUVECs with high glucose-induced injury treated with

TE-Exos. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001; ns no statistically significant difference. TE-Exos targeted engineered exosomes, E-Exos
engineered exosomes, TEM transmission electron microscopy, HUVECs human umbilical vein endothelial cells

Effect of targeted engineered exosomes on
the polarization ratio of macrophages

The results revealed that the M1/M2 polarization ratio of peri-
toneal macrophages differed among the groups that received
different interventions. In the control group, the expression
levels of M1-type macrophage markers (CD86 and CD80) were
the highest, while those of M2-type macrophage markers (CD206

and CD163) were the lowest, resulting in the highest M1/M2 ratio.
Following treatment with TE-Exos, the expression levels of CD86
and CD80 in mouse peritoneal macrophages decreased, whereas
the expression levels of CD206 and CD163 increased (Figure 4a-c).
Consequently, treatment with TE-Exos led to a reduction in the
M1/M2 ratio of mouse peritoneal macrophages.

Treatment with LPS and IFN-y led to significantincreases in the
expression levels of CD80 and CD86 in BMDMs,
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confirming their successful polarization toward the M1 pheno-
type. When TE-Exos were administered in combination with
LPS and IFN-y, the expression levels of CD80 and CD86 sig-
nificantly decreased, whereas the expression of CD163 and
CD206 slightly decreased (Figure 4d-f). Consequently, the over-
all M1/M2 macrophage ratio decreased after treatment with
TE-Exos.

Preparation and characterization of
soluble hyaluronic acid microneedles

HA MNs were prepared by PDMS MN mold and the vacuum nega-
tive pressure deportation method. The prepared MN patches were
square and transparent, with a side length of2cmand 20 x 20 MNs
in each patch. Each MN has a length of ~250 um, a circular base,
and a diameter of 150 um (Figure 5a). Each MN patch contains
~3-5 x 101° exosomes.

The indentation results of the MNs applied to the dorsal skin of
the mice are presented in Figure 5b. Upon penetrating the skin,
the MNs severed the epidermis and some subcutaneous tissue.

The MNs penetrated the tissue to a depth of ~200-250 um, cor-
responding to their total length.

The displacement of a single MN under various mechanical
forces is shown in Figure 5¢c. When the compression displacement
reached 600 um, the stress exerted on the MNs prepared in
this study exceeded 0.30 N. The mechanical force required for
a single MN to penetrate the skin was 0.045 N, whereas the force
required to penetrate the wounded granulation tissue was even
lower. These results indicate that the HA MNs developed in our
study possess excellent mechanical properties and can penetrate
wound tissue effectively.

The HA-MN system showed no cytotoxicity (Figure5d) and
exhibited rapid release kinetics, with most of the loaded cargo
released within 200 minutes (Figure 5e).

TE-exos@HA-MN promote diabetic wound
healing

On the 12th day post-wounding in diabetic mice, varying degrees
of epithelial tissue growth were observed, with the defect being
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(e) Dissolution and release characteristics of hyaluronic acid MNs. The loaded exosomes were gradually released, with most of the content being
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either completely or partially filled. Compared with that in the
control group, epithelial tissue growth in the E-Exos@HA-MN
group and TE-Exos@HA-MN group was significantly better, with
noticeable differences observed between Days 3 and 6 post-
treatment. Specifically, the TE-Exos@HA-MN group exhibited the
fastest healing speed, followed by the E-Exos@HA-MN group,
which performed better than the HA-MN group alone (Figure 5f-h).
No significant differences in body weight were observed among
the treatment groups (Figure 5i). These results demonstrated
that TE-Exos@HA-MN significantly enhanced wound healing in
diabetic mice.

The results demonstrated that the skin thickness of the control
group was the weakest after healing, whereas the skin of the
HA-MN, E-Exos@HA-MN, and TE-Exos@HA-MN groups was signifi-
cantly thicker than that of the control group. Among these groups,
the TE-Exos@HA-MN group had the greatest epithelial thickness,

which was superior to that of the E-Exos@HA-MN group, indicating
that the ability of the TE-Exos@HA-MN to promote epithelializa-
tion was greatest. Additionally, the E-Exos@HA-MN group exhib-
ited more granulation tissue formation (Figure 6a and b).

At 12 days post-wounding, compared with the other groups, the
TE-Exos@HA-MN group exhibited the deepest collagen staining,
with collagen fibers arranged more regularly and densely. In con-
trast, the control group displayed histological features of collagen
deficiency, with a more disorganized arrangement, which hin-
dered tissue repair. Furthermore, both the E-Exos@HA-MN group
and the TE-Exos@HA-MN group showed increased capillary-like
structures (Figure 6a and c).

By immunohistochemical staining, we observed denser and
thicker newly formed capillaries in both the E-Exos@HA-MN group
and the TE-Exos@HA-MN group. Notably, the TE-Exos@HA-MN
group outperformed all other groups and the HA-MN group also
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Figure 6 Analysis of wound tissue and detection of macrophage markers. (a) H&E and Masson staining were performed using wound skin tissues
collected from different groups on Day 12 (black scale bar: 100 ;«m). Immunohistochemical staining was used to detect platelet endothelial cell adhesion
molecule-1 (CD31). (b) Reepithelialization thickness on Day 12 (n=3). (c) Collagen deposition in the wound on Day 12 (n =3). (d) CD31 staining intensity
in the wound on Day 12 (n=3). (e-g) Immunofluorescence analysis of macrophage markers in tissues, green: iNOS, red: CD206 (Sale bar: 100 xm). (h)
Western blot analysis was conducted to assess the expression levels of macrophage markers in wound tissue. (i-1) Statistica analysis of the expression
levels of CD80, CD86, CD163, and CD206, respectively (n=3). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; ns no statistically significant difference.
H&E hematoxylin and eosin, TE-Exos targeted engineered exosomes, HA hyaluronic acid, MN microneedle

exhibited better angiogenesis compared to the control group.
These findings suggest that the application of TE-Exos@HA-MN
significantly promoted neovascularization in the wound (Figure 6a
and d).

Immunofluorescence staining was employed to assess the
expression of macrophage polarization markersin tissue samples.
The results demonstrated that the expression level of the M1
macrophage marker iNOS was highest in the control group
and lowest in the TE-Exos group. Conversely, the expression
pattern of the M2 marker CD206 was opposite to that of iINOS
(Figure 6e-g).

Consistent with the immunofluorescence results, western
blot analysis of wound tissues from Day 12 revealed that the
TE-Exos@HA-MN group had the lowest expression levels of M1
markers (CD80 and CD86) and the highest expression levels of M2
markers (CD163 and CD206), indicating a pronounced shift toward
a pro-reparative macrophage phenotype (Figure 6h-1).

RNA sequencing revealed a distinct global gene expression
profile in the TE-Exos@HA-MN group compared with the other
groups (Figure7a and b). Transcriptome sequencing revealed
differentially expressed genes associated with wound healing
(Figure 7c-e), including those involved in inflammatory regulation
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and immune response (TNF-o, TLR4, IL-la, and Cbarl), cell
proliferation (TGF-81, FGF1, HGF, and NGF), extracellular matrix
remodeling (MMP13 and CTSL), angiogenesis (NOS2, HMOX1,
and ANGPT4), immune cell differentiation (ARG1, STAT4, and
CD80), cell adhesion and migration (ICAM-1 and ITGA5), and
signaling pathway regulation (Wnt2B and PIK3CG). Western blot
and gPCR validation confirmed consistent expression patterns
for nine genes (Wnt2B, TNF-«, TLR4, TGF-81, NOS2, ICAM-1, HGF,
CD80, and C5arl) across both methods Western blot analysis
corroborated these findings (Figure 8).

Discussion

Diabetic wounds represent a profound and growing clinical
challenge and are pathologically pathological characterized by
vascular insufficiency, chronic inflammation, and impaired
cellular repair. This study introduces a comprehensive strategy
targeting these core mechanisms through the development
of TE-Exos delivered via a dissolvable HA MN system. Our
findings demonstrate that this combination approach not only
enhances angiogenic processes but also effectively reprograms

the pathological immune microenvironment of the wound,
leading to significantly improved healing outcomes.

The foundation of our approach lies in leveraging the natural
biological properties of exosomes. We successfully established
a stable bFGF-overexpressing macrophage cell line through
lentiviral transduction. This strategy aligns with emerging efforts
to genetically modify parent cells to enhance exosome therapeutic
potential [40-43]. Crucially, these modified macrophages retained
their capacity for M2 polarization, allowing us to obtain exo-
somes that combine the innate immunomodulatory properties
of M2-derived vesicles with enhanced angiogenic signaling
via bFGF overexpression. This dual functionality addresses
two fundamental pathological features of diabetic wounds
simultaneously.

A critical innovation in our study involves the application of
active targeting through RGD peptide modification. The RGD
tripeptide sequence is a key component of the extracellular
matrix (ECM) that specifically binds to various integrins, including
integrin avB3 [44]. Angiogenesis, a complex process that requires
the coordinated action of multiple factors, heavily relies on
integrin activity [45, 46]. Integrin avB3 is an important cell
surface receptor in the integrin family; it is composed of two
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noncovalently associated type | transmembrane glycoprotein
subunits, av and B3 [47]. Integrin avpB3 plays a central role in
numerous physiological and pathological processes, particularly
during angiogenesis and wound healing; it is highly expressed
in neovascularization-associated endothelial cells and serves as
a receptor for endothelial cell binding to fibronectin in the ECM,
thereby promoting vascular formation and stability through the
mediation of endothelial cell-ECM interactions [48]. Under resting
conditions, endothelial cells exhibit low levels of integrin avB3
expression. However, stimulation by factors such as bFGF, vascular
endothelial growth factor receptor (VEGFR), and interleukin-8 (IL-
8) upregulates its expression. This upregulation also activates
matrix metalloproteinase-2 (MMP-2) at the leading edge of
neovascularization, facilitating extracellular matrix degradation
and enhancing endothelial cell migration and infiltration [49, 50].
Additionally, collagen hydrolysisin the ECM exposes the RGD motif
as a ligand for integrin avp3, enabling adhesive interactions that
provide survival signals and traction forincoming endothelial cells
[51, 52].

Therefore, targeting molecules based on RGD can achieve
precise drug delivery and enhance therapeutic efficacy [53].
Moreover, compared with linear RGD polypeptides, RGD cyclic
peptides (e.g. cRGDfk) exhibit stronger vascular targeting [54].
In this study, we conjugated DSPE-PEG-cRGDfk-FITC peptides to
the exosome surface for targeted delivery to vascular endothe-
lial cells. The molecular structure of the RGD cyclic peptide
sequence, which primarily includes the DSPE segment, PEG
segment, cRGDfk segment, and FITC segment, is illustrated
in Figure 5a. Among these, cRGDfk is a five-membered cyclic
peptide formed by arginine, glycine, aspartic acid, D-type pheny-
lalanine, and lysine (Arg-Gly-Asp-D-Phe-Lys) via an N-to-C-
terminal amide bond to create a ring structure [55]. The DSPE
terminus of the targeting peptide can be inserted into and
stabilized within the exosome membrane, while FITC serves as
a green fluorescent fragment. As a commonly used saturated
phospholipid molecule, DSPE plays a critical role in targeted
modification because of its excellent biocompatibility and ability
to integrate into lipid bilayer membranes [56]. By acting as a
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linker, DSPE interacts with lipid molecules in the bilayer mem-
brane through its hydrophobic tail to form stable associations [57].
Targeting molecules tethered via DSPE (such as RGD peptides or
antibodies) can confer specific targeting capabilities to exosomes.
These targeting molecules recognize and bind to specific recep-
tors on target cell surfaces, thereby improving exosome uptake
efficiency in target cells and enhancing therapeutic outcomes.
Additionally, DSPE insertion enhances exosome membrane sta-
bility, preventing rupture or fusion in physiological environments.
This helps maintain exosome integrity and biological activity,
prolonging their residence time in vivo and improving therapeutic
efficacy.

In addition to exerting angiogenic effects, TE-Exos demon-
strated remarkable immunomodulatory effects. Macrophage
polarization is a critical component of immune regulation and
plays pivotal roles in immune modulation, tissue remodeling, and
the maintenance of metabolic homeostasis [58]. Macrophages are
typically classified into two main phenotypes: M1 macrophages,
which exhibit proinflammatory properties, and M2 macrophages,
which are associated with tissue repair and remodeling [59-61].
Studies have indicated indicates that exosomes derived from M2
macrophages may promote macrophage reprogramming via spe-
cific signaling pathways, potentially contributing to inflammation
resolution and tissue repair [14]. Exosomes have been developed
asdrugdelivery carriers because of their low immunogenicity, low
cytotoxicity, and high stability [62, 63]. Through mechanisms such
as membrane fusion, endocytosis, or ligand-receptor interactions
[64], exosomes transfer bioactive components including nucleic
acids, proteins, and lipids, mediating intercellular communication
and regulating metabolic processes [65]. Their specific functions
often depend on their cellular source, reflecting the characteristics
of their parent cells.

Studies have demonstrated that certain cell-derived exosomes
can regulate macrophage polarization, thereby shifting the M1-
mediated inflammatory response toward M2-driven tissue repair
[14, 66]. For instance, MSC-derived exosomes deliver specific
miRNAs (e.g. miR-146a and miR-181c) to inhibit proinflammatory
signaling pathways, promoting macrophage M2 polarization [13,
18]. Exosomes derived from M2-type macrophages can accelerate
diabetic wound healing by inducing macrophage reprogram-
ming and suppressing inflammatory responses. Macrophage-
derived exosomes are preferentially internalized by macrophages,
enabling more effective macrophage reprogramming. In essence,
exosomes exhibit a preference for their source cells, conferring
the advantage of achieving targeted reprogramming in recipient
cells [22]. On the basis of this phenomenon, macrophages were
selected as the source cells for exosome production in this study
to increase the ability of macrophages to undergo M2 phenotype
transformation.

However, natural exosomes face limitations in disease therapy
and drug delivery because of their variable abundance across
tissues and lack of intrinsic targeting specificity [67-70]. These
limitations are particularly relevant in diabetic conditions where
hyperglycemia impairs HUVEC function, reducing their activity,
proliferation, migration ability, and exosome uptake efficiency
[71-73]. Under hyperglycemic conditions, the oxidative stress
response of vascular endothelial cells increases, which may
lead to a decrease in cell membrane fluidity, thus affecting the
uptake efficiency of exosomes [74-76]. Hyperglycemia may also
affect the functional status of exosome-secreting cells (such

as endothelial cells and immune cells), resulting in changes
in exosome contents. These changes may affect the role of
exosomes in vascular endothelial cells, such as by promoting
the inflammatory response and inhibiting cell proliferation. Our
results show that targeted modification enhances the uptake
of engineered exosomes by injured vascular endothelial cells,
facilitating improved function. TE-Exos more effectively promoted
the proliferation, migration, and tube formation of vascular
endothelial cells under high-glucose conditions, providing a
robust foundation for vascular preparation in wound repair.

For clinical translation, we developed an HA MN delivery system
that addresses several wound therapy challenges. As fast and
direct methods of drug delivery, MNs have attracted increasing
attention and been a focus of research in recent years [77]. They
deliver drugs to the inside of the skin or a wound, for example, by
penetrating the skin barrier or granulation tissue, thereby improv-
ing the efficiency and permeability of drug delivery. HA is a nat-
urally occurring polymer acid mucopolysaccharide in human and
animal tissues [78]. It is widely present in the extracellular matrix
of skin and is the material basis of tissue rheology, hygroscopicity
and viscoelastic properties [79]. The application of HA in wound
repair has attracted increasing attention because of its ability to
provide a moist wound environment, promote cell proliferation
and migration, and accelerate re-epithelialization [80]. HA can
also stimulate the proliferation and differentiation of fibroblasts
and epidermal cells, promote collagen synthesis and deposition,
contribute to wound repair and regeneration, and reduce the for-
mation of scar tissue [81, 82]. Moreover, it also has a certain anti-
inflammatory effect, which can reduce the inflammatory response
of the wound, reduce exudation and edema, and facilitate wound
healing [39, 83]. These properties make soluble HA MNs ideal
carriers for TE-Exos.

Our experimental results confirmed that the developed HA
MNs fully penetrated the skin layer, reaching the subcutaneous
tissue and enhancing drug delivery and release. MNs loaded with
engineered exosomes demonstrated robust pro-healing effects
in diabetic mouse wound models through synergistic effects
during the healing process. TE-Exos@HA-MN administration led
to a reduced M1-type macrophage proportion and an increased
M2-type macrophage proportion, modulating the polarization
balance within the wound microenvironment and facilitating
the transition from the inflammatory phase to the proliferative
healing phase.

A comparative analysis between the TE-Exos@HA-MN and
E-Exos@HA-MN groups revealed the significant differential
expression of genes enriched in pathways related to inflammation
regulation, immune response, cell proliferation, and migration.
The expression profiles of these genes suggest that both the E-
Exos@HA-MN and the TE-Exos@HA-MN effectively suppressed
excessive inflammatory responses, promoted cell proliferation
and tissue regeneration, enhanced angiogenesis, and modulated
macrophage polarization. Notably, compared with conventional
exosomes, TE-Exos@HA-MN exhibited superior therapeutic
efficacy. This was evidenced by significantly reduced expression
levels of TNF and C5arl in the TE-Exos@HA-MN group, indicating
a more potent suppression of inflammatory signaling and a more
favorable microenvironment for wound repair. Furthermore,
decreased ICAM-1 expression suggests reduced inflammatory
immune cell infiltration, whereas decreased TGF-81 expression
during the healing phase may help prevent excessive collagen
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deposition and pathological scar formation. A detailed investiga-
tion into the specific signaling pathways (e.g. PI3K/Akt for angio-
genesis and STAT3/NF-xB for immunomodulation) activated by
TE-Exos constitutes an important direction for our future research.

When our TE-Exos@HA-MN system is contextualized within the
current landscape of diabetic wound therapies, its multitargeted
and integrative design philosophy becomes a key differentiator.
Conventional clinical options, such as silver-based dressings,
primarily offer passive antimicrobial protection with limited pro-
healing capacity, and advanced biologic growth factors have
poor stability and a high cost. Recent pioneering research has
opened new avenues by addressing specific healing barriers
with high precision [84, 85]. For instance, glycosaminoglycans
from Andrias davidianus were shown to brilliantly reprogram
macrophage glucolipid metabolism, thereby resolving inflam-
mation and promoting repair [86]. In a separate groundbreaking
material design, an asymmetric natural nanofiber inspired by
the same creature demonstrated rapid temperature-responsive
detachment, offering an intelligent solution to the secondary
injury often caused by dressing changes [87].

Our strategy is designed to integrate the strengths of such tar-
geted biological modulation and smart material design into a
unified platform. Unlike the singular focus of the aforementioned
studies, our system involves a synergistic healing cascade. The HA-
MN array provides a painless and efficient intradermal delivery
vehicle, overcoming the penetration barrier. The engineered TE-
Exos then act as multifunctional biological ‘nanosurgeons’. There-
fore, by converging precision delivery (via MN), active targeting
(viaRGD), and multimodal therapy (angiogenesis + immunomod-
ulation), our work transcends the limitations of single-mechanism
approaches and represents significant progress toward compre-
hensive and intelligent wound management.

Conclusions

The findings of this study demonstrate that the targeted engineer-
ing of macrophage-derived exosomes has significant therapeutic
potential for diabetic wound treatment. The MN-mediated
delivery of TE-Exos effectively promotes epithelial proliferation,
stimulates collagen synthesis, enhances local angiogenesis, and
restores the M1/M2 macrophage balance, culminating in markedly
accelerated wound healing in diabetic mice. This innovative
strategy disrupts the vicious cycle of impaired angiogenesis
and chronic inflammation through a synergistic mechanism
encompassing ‘angiogenesis modulation,immunoregulation, and
targeted delivery’. The integration of engineered exosomes with
a biocompatible MN system not only surmounts the limitations of
conventional growth factor therapies but also enables the precise
and intelligent manipulation of the wound microenvironment,
offering novel theoretical foundations and practical strategies for
clinical translation. Future efforts to develop exosomes derived
from macrophages of specific polarization states may further
increase therapeutic efficacy for refractory wounds, representing
a challenging yet highly promising direction for translational
medicine.
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